In the PACVD technique, temperature and gas flow rate are two important parameters affecting the coating characteristics. Effect of these parameters on mechanical behaviors of TiC coating that was deposited on hot work tool steel (H13) was investigated in this paper. We analyzed TiC coating composition and structure with grazing incidence X-ray diffraction (GIXRD) and Fourier transformation infrared spectroscopy (FTIR). The mechanical properties of the coatings, such as microhardness, wear resistance, and surface roughness, were studied with Knoop hardness indentation, pin on disk wear tests, and atomic force microscopy, respectively. When the deposition temperature decreased from 490 ∘ C to 450 ∘ C and the CH 4 to TiCl 4 flow rate ratio was also increased from 1.5 to 6, TiC coating color changed from dark gray to silver. The best mechanical properties such as a high hardness (27 GPa), wear resistance, and low surface roughness were related to the coating that was deposited at 450 ∘ C.
Introduction
Hard coatings such as titanium carbide (TiC) and titanium nitrocarbide (TiCN) have been used in various industries such as microelectronics and aerospace due to the unique properties such as high hardness and Young's modulus, low friction coefficient, proper resistance to corrosion and wear, good electrical and thermal conductivity, and high melting temperature [1] [2] [3] . Thin and hard coatings can be deposited by different methods such as physical vapor and thermal chemical vapor techniques. In the first method due to the low temperature, the coatings adhesion strength decreases and in the second method, due to low deposition rate, the cost waste and the time waste occur [4] . Thus, plasma assisted chemical vapor deposition (PACVD) can be a proper technique for depositing thin coatings on different substrates, due to possibility to achieve the same properties in lower temperatures and higher deposition rate. Controlling the composition and the thickness of coatings by adjusting plasma parameters is easy. Additionally, rotating of the complex sample is not necessary [4] [5] [6] . Thus, PACVD is used to deposit various coatings for casting and extruding mold even with irregular geometry and complexity [7] . In TiC coating deposition via PACVD technique, the temperature, plasma power, duty cycle, and CH 4 and TiCl 4 flux rates are the fundamental parameters, because the amount of excess carbon is a very effective factor on the coating properties. It was shown by Stock et al., in 1998, that increasing the level of excess carbon can decrease coating hardness [4, 8, 9] . It is noteworthy that different researches have studied the ratio of TiCl 4 to CH 4 flux from 3 to 10 and until now there is a lack of published information on the fewer ratios. In this study, TiC coating was deposited by PECVD on the tool steel using CH 4 as the reactive gas and the flux ratio of CH 4 to TiCl 4 was changed from 1.5 to 6 and the deposition temperature was increased from 450 ∘ C to 490 ∘ C to deposit coating with thickness of 2-3 micrometers and then identify the coating characteristics. The composition analysis of coating was done by grazing incidence X-ray diffraction (GIXRD) and Fourier transformation infrared spectroscopy (FTIR). Microhardness, wear hardness, surface roughness, and topography were measured with Knoop hardness indentation, pin on disk wear test, and atomic force microscopy. 
Material and Methods
The present H-13 samples with composition listed in Table 1 were heat treated in order to increase the hardness. Then samples were prepared by grinding up to 2000 grit and cleaned with an alkali solution in ultrasonic bath in temperature of 100 ∘ C for 10 minutes. In order to increase adhesion of the coating to the substrate and increase the load bearing of coatings, a plasma nitriding operation with the parameters listed in Table 2 was performed. In plasma nitriding process, the flow ratio of hydrogen to nitrogen was fixed to about 3 in order to prevent white layer formation [10, 11] .
The TiC coatings were deposited in a PACVD reactor using a TiCl 4 -CH 4 -H 2 -Ar gas mixture. The plasma was triggered by a DC pulsed power supply. The total pressure in the reaction chamber was 6 mbar. The fixed flow rates of argon, hydrogen, and titanium chloride were 500, 1600, and 50 sccm, respectively. Duty cycle for all specimens was 33% and a negative bias voltage was fixed at 600 V during the process in a chamber with height and the diameter of 70 cm × 50 cm. The substrate temperature was controlled by an auxiliary heating system in addition to the intrinsic sputtering effect. Other experimental conditions are listed in Table 3 . In this paper, grazing-angle X-ray diffraction with test specifications ( = 2 ∘ and radiation 1.5418Å; Cu K ) was used. To identify the types of created bonds, the Fourier transformation infrared spectroscopy (FTIR) was also used. In order to determine the hardness of the samples in each situation, we perform first Knoop indentation for loads ranging from 0.25 to 0.5 N and at least five indentations for each load. The microhardness of the coatings was measured on hot work tool steel substrates. Wear test was also carried out by using a WC-6% Co ball of 6 mm diameter at a linear speed of 0.1 m/s in 1000 meters distance with applied load of 10 N at room temperature (25 ∘ C) when trace diameter was 45 mm. In order to study the topology of the surface of samples, atomic force microscope (AFM) was used.
Results and Discussion
In this paper, the temperature and the ratio of effective gas flux have been studied as two important factors. Other parameters such as voltage, duty cycle, and gas flux of nitrogen, argon, TiCl 4 , and coating thickness were kept fixed. The GIXRD test results for samples are shown in Figure 1 .
When the ratio amount of CH 4 to TiCl 4 was lower than a critical value (about 2), despite the presence of TiCl 4 in the reactor and high temperature and instead of TiC deposition, a black layer consisting of iron carbide was formed. The peaks that were generated in this test in degrees of 43.9 and 51.34 were related to austenitic iron carbide phase and the rest of the peak was corresponding to the substrate. But the standard TiC peaks were at 36.9, 42.6, 62, 74.48, and 78.18 degrees. When the flux ratio of CH 4 to TiCl 4 changed from 2 to 6, the sample showed different colors from gray-copper to graysilver. As CH 4 /TiCl 4 ratio increases to 9, the color becomes gray-black, this was reported by Archer [12] . Thus, color of the samples was related to solubility of carbon in the space network of titanium. From the GIXRD test results, these diffraction patterns show the orientation in the direction of crystalline planes (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2). The (2 0 0) plane was revealed to be the preferred structure and this plane is thermodynamically stable relative to the (2 2 0) and (1 1 1) planes. The temperature had no effect to change the preferred crystalline plane.
The result test of FTIR is shown in Figure 2 . In this pattern, three peaks were seen in degrees of 1044, 554, and 444 cm −1 that were related to TiC phase. The peaks that are related to C-C and C-H and C-N bonds have a peak in the range of 1500-3000 cm −1 . These peaks were not seen in our pattern and microhardness changes just depended on the deposition temperature. The peak in the frequency range of 2900-3500 cm −1 which is related to oxygen, hydrogen, and nitrogen bonds [13] was also not observed in our test. When the flux ratio of CH 4 /TiCl 4 was kept about 2.4-6, due to the bond energy in reflection spectroscopy [14] , TiC coatings had cubic structure with a formula that can be Ti 14 C 13 . Therefore, the ratio of C to Ti atom was approximately 1 to 1. When the amount of carbon exceeds the equilibrium composition and all space network titanium gets occupied with carbon atoms, extra carbon atom will be deposited as a separate phase usually at the grain boundaries. When this excess carbon creates graphite phase, the microhardness of TiC coating will decrease but when it forms diamond or diamond-like carbon (DLC) phase, the hardness will be increased [15] . As excess carbon is bound as C-C or C-H [9] , the proper selection of ratio of effective gases prevented excess carbon to be precipitated as a separate phase in this paper. Due to the phase diagram, when the amount of carbon in the titanium network is 32-48.8%, TiC phase is formed as NaCl crystal structure. Also, in a paper in 1998 [9] was mentioned that when the flux ratio of TiCl 4 /CH 4 is more than 15, excess carbon will be precipitated in a separated phase. While the ratio of CH 4 to TiCl 4 gas flux is kept in proper level (more than 2 and less than 15), TiC phase with high hardness of 27 GPa will be deposited, and microhardness changes just depended on the deposition temperature. Microhardness test results are reported in Figure 3 . The microhardness of sample 1 was 13.5 GPa and the microhardness of other samples was about 24-27 GPa. Samples 3 and 4 showed more microhardness than the samples 2 and 5 (about 11%), due to the lower deposition temperature. When the deposition temperature was 450 ∘ C, the grain growth was minimized and the size of coating grain was decreased and as a result the microhardness increased.
Notably, according to the papers that were published by other researchers [4, 12] , the minimum temperature of TiC formation had been reported at 470 ∘ C in which a continuous layer and an adhesive coating to the substrate were created. But on the contrary in this paper, the optimum TiC layer was coated at temperature of 450 ∘ C and this result can reduce the cost of coating process and the substrates will not need to bear high temperatures. Also due to these results, the flux ratio of CH 4 to TiCl 4 in the formation of TiC coating was more important than the temperature.
The micromechanical tribological mechanisms describe the stress and strain formation at an asperity-to-asperity level, the crack generation, and propagation, material liberation, and particle formation [16] . Landcaster proposed a simpler empirical wear formula as specific wear rate. It shows the resistance to abrasive wear as follows:
In this formula, is wear volume, is wear distance, and is applied force. This wear coefficient , with units of m 3 ⋅N −1 ⋅m −1 , has proven to be more useful for the comparison of the wear behavior of different materials than Archard's equation [17, 18] . From the wear test result in Table 4 , the wear rate of TiC was not dependent on the temperature in the range of 450 ∘ C to 470 ∘ C. Changes in the coefficient of friction of the TiC coating determined during wear measurements are shown in Figure 4 . For TiC coatings that were deposited in lower temperature, during the run-in 600 meter, the coefficient of friction was lower than 0.1 and then it increased to 0.15. Once this value was reached, the coefficient of friction became constant for the remaining distance. This result was in accordance with other papers independent from the method of deposition [8, 19] . When the deposition temperature increased to 470 ∘ C, coefficient of friction also increased and reached 0.2-0.3. For FeN coating, coefficient of friction was increased. It reached to 0.27 and then decreased to a value below of 0.15. This drop was due to the separation of coating from the substrate surface. Thus, the changes in deposition for 20 ∘ C caused variation of friction coefficient of about 50%. But the variation of the flux ratio could not lead to a change in the friction coefficient for TiC coating as reported by Jarms et al. [9] . During the running-in, owing to the interaction between the tip and the roughness of surface coatings, the friction coefficient ( ) rises. In the initial stage, the friction coefficient is controlled by the film roughness and the build-up of a transfer layer (tribolayer), and in the second stage, the friction and the wear are controlled by the nature of the tribolayer [20] .
The micrographs of wear path for the samples are shown in Figure 5 . The wear mechanism of samples was different from each other. The FeN coating was easily separated from the surface by the pin. The wear track for this coated sample was empty of debris and the wear edges were smooth. As TiC coating had a higher hardness than the iron carbide coating, the abrasive wear mechanism could be cutting.
The total wear observed in the ceramic can be divided into two main broad categories such as (a) mechanically activated wear which includes abrasion, adhesion, plastic deformation, and fracture and (b) chemically activated wear also called tribochemical wear which includes diffusion or dissolution wear [21] . At higher speeds (to produce higher temperature), under dry or semidry conditions, chemical wear becomes the predominant mode of wear [22] . Thus, the speed of the mechanical mechanism is the dominant mode of wear for all coated samples.
The mechanical wear process is also divided into three stages for single layer of coating of TiC: crack nucleation, crack propagation along a given direction under applied force, and forming of wear debris and damages on the rubbing surface. The image for TiC coating ( Figure 5 ) shows that the wear track was full of debris. Debris was observed to pile up along the outer edges of the wear track. They were small near the wear edges but the debris size increased when we were far from the wear edges and near the center. The wear areas were separated by broken lines from other areas. When the deposition temperature was increased to 470 ∘ C, the debris size in wear track was increased and gathered in holes, but abrasion boundary was separated by curved lines. Due to the increasing debris size in wear track and formation of holes in TiC coated sample with higher deposition temperature, the wear rate increased.
Three-dimensional surface topography of the samples is shown in Figure 6 and their surface roughness is summarized in Table 4 . The surface roughness was about 20 nm for samples 2 and 5. But the surface roughness of samples 3 and 4 with lower temperature was lower and was about 15 nm. In other papers, the amount of TiC coating surface roughness was reported less than 10 nm, this may be related to the higher temperature (500 ∘ C) with different mechanism [5, 23] . The effect of temperature on the grain growth was very severe. In this paper, the AFM images values showed that a lower deposition temperature decreased the surface roughness, due to the grain growth when the deposition temperature increased. The surface roughness was also independent of flux ratio of important gas when this ratio is proper to deposit TiC coating. Higher coefficient of friction was seen for TiC coatings with high deposition temperature and this result was related to the lower surface roughness.
Conclusions
The result showed that the TiC coating color was directly related to the amount of dissolved carbon in titanium crystal network. When the ratio of C atoms to Ti in TiC network was 1 to 1, coating color was silver gray and while this ratio increased, coating color would be dark copper-like. A very important parameter in deposition of TiC coating was the flux ratio of CH4 to TiCl4. This was more effective parameter than the deposition temperature. But when TiC coating was deposited, the deposition temperature had important role in coating characteristic changes like hardness, wear, friction coefficient, and surface roughness. Thus, selecting the correct flux ratio of gases at a temperature of 450 ∘ C can create uniform TiC. Hardness of TiC coating was dependent on the formation of excess carbon. But dissolved carbon in TiC crystal had no severe effect on the hardness variation (only about 10%). On the other hand, wear mechanism was changed abruptly when the deposition temperature changed from 450 ∘ C to 470 ∘ C. Minimum friction coefficient (about 0.18) for TiC coating with deposition temperature of 450 ∘ C was observed.
